Fission yeast cells belong to one of two specialized cell types, M or P. Specific environmental conditions trigger sexual differentiation, which leads to an internal program starting with pheromone signaling between M and P cells, followed by mating, meiosis, and sporulation. The initial steps of this process are controlled by Ste11p, a master transcriptional regulator that activates the expression of cell type-specific genes (only expressed in either M or P cells) as well as genes expressed in both M and P cells. Pheromone signaling is activated by Ste11p-dependent transcription and, in turn, enhances some of this transcription in a positive feedback. To obtain a genomewide view of Ste11p target genes, their cell-type specificity, and their dependence on pheromone, we used DNA microarrays along with different genetic and environmental manipulations of fission yeast cells. We identified 78 Ste11p-dependent genes, 12 and 4 of which are only expressed in M and P cells, respectively. These genes show differing grades of pheromone dependencies for Ste11p-activated transcription, ranging from complete independence to complete dependence on pheromone. We systematically deleted all novel cell type-specific genes and characterized their phenotype during sexual differentiation. A comparison with a similar data set from the distantly related budding yeast reveals striking conservation in both number and types of the proteins that define cell types. Given the divergent mechanisms regulating cell type-specific gene expression, our results highlight the plasticity of regulatory circuits, which evolve to allow adaptation to changing environments and lifestyles.
C ellular differentiation is driven to a large extent by specific programs of gene expression. Yeast has distinct cell types that are required for mating, meiosis, and sporulation; this sexual differentiation provides a useful model system to understand the differentiation into specialized cell types in multicellular organisms. How the regulation of gene expression leads to specialized cell types is relatively well understood at a genomewide level in the budding yeast Saccharomyces cerevisiae (1) . In this yeast, two haploid cell types, a and ␣, mate with each other at the first opportunity to form diploid a͞␣ cells, which can undergo meiosis and sporulation under appropriate environmental conditions (reviewed in ref. 2) .
Cells of the fission yeast Schizosaccharomyces pombe also come in two specialized cell types, called P (or hϩ) and M (or h-) mating types. Heterothallic strains have a fixed mating type (P or M), whereas homothallic strains (h90) can switch between both types. Unlike budding yeast, however, fission yeast cells will mate only under specific environmental conditions, most notably nitrogen starvation; the resulting diploid cells then immediately undergo meiosis and sporulation (reviewed in refs. 3 and 4) . The two distantly related yeasts thus provide complementary models to identify conserved and specialized regulatory mechanisms for cell differentiation, involving both environmental and intrinsic factors.
In fission yeast, starvation induces the expression of Ste11p, an HMG (high mobility group) transcription factor essential for sexual differentiation (5) . Ectopic expression of Ste11p leads to sexual differentiation irrespective of nutritional conditions. Ste11p thus acts as a developmental switch, and expression of its targets induces the physiological and morphological changes that culminate in sexual differentiation (5) . Some of the Ste11p target genes are cell type-specific, whereas others are induced in cells of either mating type (Fig. 1) . Cell type-specific expression is mediated by cell type-specific transcription factors, Mat-Mc and Mat-Pc (5), which are encoded in the mating type locus and activated by Ste11p (6) . In M cells, Mat-Mc and Ste11p physically interact and directly bind to the promoters of M specific genes (7) . In P cells, Mat-Pc together with Map1p, a transcription factor of the MADS-box family, is required for activation of P specific genes. P and M cells produce specific pheromones (P and M factor, respectively) as well as receptors for the pheromones released by the opposite mating type. This system allows cells of opposite mating types to recognize each other during the mating process. The pheromone signaling activated by Ste11p-directed transcription, in turn, cooperates with Ste11p to enhance the transcription of some Ste11p-dependent genes ( Fig. 1 Here we used DNA microarrays to investigate the gene expression program during the early stages of sexual differentiation, focusing on the roles and targets of Ste11p and pheromone. We comprehensively identify cell type-specific genes and systematically delete them to assess their role in the differentiation process. We also compare our results with a similar data set from budding yeast (1) to gain insight into the evolution of the regulatory mechanisms that control cell type-specific gene expression.
Results and Discussion
Gene Expression Changes After Nitrogen Starvation. To study the global roles of the Ste11p master transcriptional regulator in fission yeast, we used DNA microarrays to follow the gene expression response associated with depletion of nitrogen. To assess the influence of mating type and cell-cell communication on this response, we carried out time courses in heterothallic (P and M) and homothallic cells (h90). In addition, we followed h90 cells with a mutation in the ste11 gene. In homothallic cultures, pheromone communication between P and M cells leads to mating, which is immediately followed by meiosis. To separate the transcriptional response of nitrogen starvation and pheromone signaling from the meiotic gene expression program (8), we used h90 cells carrying a mutation in the fus1 gene, which specifically blocks cell-cell fusion and, therefore, entry into meiosis (9, 10) .
Nitrogen starvation led to extensive changes in gene expression involving almost all genes (Fig. 2) . As many as 451 and 446 genes were induced or repressed 3-fold or more, respectively, compared with vegetative cells. Many of the induced (46%) and repressed (57%) genes are part of the Core Environmental Stress Response, which fission yeast cells launch in response to any stress situation (11) . The majority of these changes took place within 1 h of nitrogen removal, whereas a smaller set of genes was induced only after 3 h of nitrogen starvation. This latter group contained several known Ste11p targets (see below).
Identification of Ste11p Targets. To identify Ste11p targets, we directly compared the transcriptome of homothallic WT cells (h90 fus1) with that of ste11⌬ mutants under conditions that induce sexual differentiation. To allow for indirect effects of the ste11⌬ mutation, we took advantage of the fact that ectopic expression of ste11 can drive cells into sexual differentiation and, therefore, is expected to cause the expression of Ste11p targets (5) . We thus defined Ste11p targets as those genes whose expression was significantly reduced in a ste11⌬ mutant and significantly increased when ste11 is overexpressed in vegetative cells ( Fig. 3 and Fig. 4 A and B) . The large number of repeated experiments and the avoidance of arbitrary thresholds allowed us to identify Ste11p targets that are only weakly regulated (Fig. 4  A and B) .
A total of 62 genes behaved consistently as expected for Ste11p targets ( Fig. 3 ; see Table 2 , which is published as supporting information on the PNAS web site). We also found an additional 16 genes that were expressed at lower levels in ste11⌬ mutants but were induced by ste11 overexpression in a cell type-specific manner ( Fig. 4C-E ; Table 3 , which is published as supporting information on the PNAS web site). Our data showed good agreement with published reports on Ste11p targets (Materials and Methods). Fortyone Ste11p target genes had been studied previously, although several of them were not known to be induced or to have a function during sexual differentiation. Most of the potential Ste11p targets were induced after 3 h of nitrogen depletion, but a few genes showed a more complex profile, with a first induction within 1 h of nitrogen removal and a second increase after 3 h (data not shown). The promoters of Ste11p targets genes showed highly significant enrichment in sequence motifs related to the TR box (refs. 5 and 7; data not shown).
We have described a cluster of 40 genes that are simultaneously induced when WT diploid cells enter meiosis (''delayed genes'') (8) . Most of these genes (34 of 40) were among the Ste11p targets identified here, showing that the Ste11p-dependent program launched during meiosis is similar to that of mating cells. (12), the GTPase activating protein Gap1p (13), the MAP kinase Spk1p (14) , the phosphatases Pyp2p and Pmp1p (15) , and the regulator of G protein signaling Rgs1p (16, 17) . Genes encoding both activators (Mei2p and meiRNA; ref. 18 ) and repressors (Pat1p) of meiosis were induced, suggesting the existence of sophisticated feedback and balancing mechanisms. The gene fus1, encoding a protein required for cell-cell fusion (10), was strongly induced, as well as two genes similar to budding yeast genes with functions in this process.
In addition, several genes with functions in early meiotic steps are induced. They encode the transcription factor Rep1p, required for premeiotic S phase (19), a protein necessary for karyogamy (Tht1p) (20) , and dynein heavy chain (Dhc1p), required for nuclear movement during meiotic prophase (21) . However, the induction of these genes in response to nitrogen starvation was much weaker than their induction during meiosis (8) , suggesting the existence of a second step of activation specific for meiosis.
Other targets not previously studied include the gene for a novel kinase (SPCC162.10) and a gene encoding a member of the ubiquitin C-terminal hydrolase family (SPBC19C2.04C). In budding yeast, a protein of this family (Ubp3p) has a role in the modulation of pheromone transcription (22) , but a similar phenomenon has not been described in fission yeast. In addition, close to 20 genes encode hypothetical proteins for which no functions can be predicted based on sequence homology. Their specific expression pattern during sexual differentiation suggests that they play a role in this process. All Ste11p targets identified are listed in Table 2 .
Regulation of Ste11p Targets by Pheromone. Pheromone cooperates with Ste11p to induce the expression of target genes (Fig. 1) . To study the global extent of this effect, we compared time courses of heterothallic cells (where there is no pheromone signaling) with those of homothallic cells. The effect of pheromone on the induction of Ste11p target genes was varied: pheromone had little effect in some cases, whereas in others, it enhanced the Ste11p-dependent induction or was even absolutely required for the induction to take place (Fig. 4 , compare h90 with M and P).
To directly monitor the effect of pheromone on gene expression, we used synthetic P factor (23) . As P factor is rapidly degraded by the Sxa2p protease (24), we used M strains carrying a deletion in the sxa2 gene. We first starved sxa2⌬ cells of nitrogen to allow the expression of Ste11p targets, including the P factor receptor and components of the pheromone pathway. Then we added synthetic P factor and followed the effects of pheromone on gene expression.
A group of genes, composed mostly of Ste11p targets, were induced within 30 min of addition of P factor and reached a plateau after 1 h (Fig. 5) . Most of the Ste11p targets (90%) were induced, although the effect varied from 1.5-to 30-fold inductions.
In addition, a second group of genes were induced later (between 1 and 2 h after the addition of P factor) (Fig. 5) . This group was strongly enriched for meiotic ''early'' genes, a cluster of genes induced during meiotic prophase containing many genes required for DNA replication and recombination (8) . An effect of pheromone on these genes has not been described previously. The Rep1p transcription factor (19) , which is required for the expression of some early genes (refs. 19 and 25 and our unpublished observations), is a Ste11p target and strongly induced upon addition of P factor. It is likely that the high levels of Rep1p are responsible for the induction of the early genes. The physiological importance of this effect is unclear, because we did not observe a similar activation in the h90 time course (in which there is pheromone signaling, but presumably at lower levels). In addition, pheromone signaling is required for entry into meiosis but not for progression through it (26) . It is possible that pheromone has a small role in enhancing the expression of the early genes during natural meiosis, thus making the process more robust. Alternatively or in addition, pheromone could have a more critical role to drive meiosis under some physiological conditions.
The mechanism by which pheromone enhances Ste11p activity is only partly understood: Ste11p is phosphorylated by the MAP kinase of the pheromone pathway (Spk1p) (27) , and pheromone signaling leads to an increase in the concentration of Ste11p in the nucleus (28) . Interestingly, ste11 overproduction results in the induction of all Ste11p targets, including those that are normally absolutely dependent on pheromone for their transcription (Fig. 3) . This finding could mean that the overexpression of Ste11p induces an ectopic pheromone response (several components of the pathway are Ste11p targets, including the gene for the MAP kinase Spk1p), or it could be a direct consequence of the increased levels of Ste11p.
To distinguish between these two possibilities, we overexpressed ste11 in cells carrying a deletion in spk1. We expected that if the effect was indirect, Ste11p targets would not be induced in the absence of Spk1p. In fact, we observed that the effect of Ste11p overexpression was independent of the presence of Spk1p and, therefore, of the pheromone response. This finding suggests that high levels of Ste11p in the cell (and presumably in the nucleus) are sufficient to relieve the dependence of Ste11p targets on pheromone for their expression and supports the view that pheromone controls gene expression by enhancing the transport of Ste11p to the nucleus (28).
Identification of Cell Type-Specific Genes. We initially attempted to identify cell type-specific genes by comparing the expression profiles of Ste11p-dependent genes in P and M cells. However, cells of a single mating type cannot establish pheromone communication, and the expression of many Ste11p targets is completely dependent on pheromone (Fig. 4E ). This dependency prevented the identification of cell type-specific genes that require pheromone signaling for their expression.
We therefore developed an alternative strategy. While using ste11 overexpression to confirm the identity of Ste11p targets, we noticed that all known mating type-specific genes were induced to a much stronger level when Ste11p was overexpressed in cells of the mating type in which they are normally expressed (Fig. 4 C and D) . We therefore looked for genes whose induction by Ste11p overexpression was cell type-dependent. In this way, we identified 12 M specific genes and 4 P specific genes (Table 3 ). We confirmed that these genes were indeed cell type-specific by comparing their expression profiles in time courses of P and M cells. In a few cases, their expression depended on pheromone, so it was not possible to verify their specificity (Fig. 4E) . Note that this definition of cell type specificity does not necessarily mean that the genes are expressed exclusively in one mating type, but that they are induced to a higher level in a specific mating type. The promoters of M specific genes were significantly enriched in the sequence motif called an M box (7) . For P specific genes, the small number of genes makes it impossible to find statistically significant enrichment of regulatory motifs (data not shown).
Six of the 12 M specific genes had been identified as such, and mutations in them cause M specific sterility. Most of them have functions related to the production of M factor, which is a small peptide modified by carboxy methylation and farnesylation. mfm1, mfm2, and mfm3 encode the M factor precursors (29), mam1 is required for its secretion (30) , and mam4 has a function in the carboxy methylation (31) . The latter is required in M cells for M factor maturation but has been reported not to be cell type-specific (31) . We also found that the cwp1 gene, which encodes the alpha subunit of geranyl-geranyl transferase type I, is M specific. This homology suggests it may have a function in the modification of M factor, similar to the role that its Sa. cerevisiae ortholog RAM2 has in the biosynthesis of a factor. The P factor receptor is encoded by mam2 (32) , and sxa2 encodes a protease that degrades extracellular P factor (33) . In addition, we identified four other M specific genes of unknown function (Table 3) .
Of the four P specific genes, two had previously been identified, and their mutations confer P specific sterility: map2 encodes the P factor precursor (23) and map3 the M factor receptor (34); two other genes (SPBC21D10.06c and SPAC1665.03) have not been studied.
Functional Analysis of Cell Type-Specific Genes. The expression of cell type-specific genes confers a specific identity to a fission yeast cell in two ways: first, by allowing it to produce and secrete a particular mating pheromone; second, by allowing it to respond to pheromones of the opposite mating type. Therefore, we expected that novel genes expressed in a mating type-specific fashion have a function specific to the mating type in which they are expressed. To test this hypothesis, we used a PCR-based approach (35) to systematically delete and analyze the function of all novel mating type-specific genes ( Table 3) .
One of the two novel P specific genes behaved in the predicted way: M cells with a deletion in SPBC21D10.06c could mate and undergo meiosis, whereas P cells were completely sterile (Fig. 6) . By contrast, we did not observe any phenotype in cells carrying a deletion in SPAC1665.03. One of the five novel M specific genes showed M specific partial sterility (SPAP11E10.02c), whereas deletion of cwp1 and SPAPB1A10.02 resulted in lethality in both cell types, and deletion of SPAC11H11.03c and SPAC11H11.03c did not cause any observable phenotype. The fact that some essential genes are cell type-specific may reflect an elevated requirement for them in a specific cell type during differentiation. For instance, it is likely that Cwp1p has an essential function in protein farnesylation (in both mating types) and a specific function in the production of M factor in M cells.
The two genes that caused cell type-specific sterility (SPBC21D10.06c in P cells and SPAP11E10.02c in M cells) encode potential cell surface proteins that are similar to each other (43% identity over 825 aa) and to yeast proteins involved in cell adhesion. Their deletion causes strikingly similar phenotypes in which cells produce long and thin mating projections but fail to attach to each other (Fig. 6) . Our results suggest that SPBC21D10.06c and SPAP11E10.02c encode cell type-specific agglutinins, which allow specific aggregation between cells of opposite mating types. SPAP11E10.02c and SPBC21D10.06c have been independently identified and named mam3 and map4, respectively (M. Yamamoto, personal communication).
We believe that we have comprehensively identified and characterized the genes that establish cell type-specific identity in fission yeast. Most of these genes (11 of 16) show cell type-specific phenotypes and are involved in the production of molecules that confer cell identity (pheromones and agglutinins) or that allow the recognition of the opposite mating type (pheromone reception and agglutinins).
Comparison with Budding Yeast. Budding and fission yeasts probably separated Ͼ1 billion years ago (36) . The programs of sexual differentiation in the two yeasts show both similarities and differences (see Introduction). All ascomycetes, including fission and budding yeasts, have a bipolar mating system, consisting of a single mating-type locus with two alleles (P and M in Sc. pombe; a and ␣ in Sa. cerevisiae) (37) . The budding yeast mating-type loci also encode transcription factors that regulate the expression of target genes. Despite these similarities, the molecular mechanisms that control expression of cell type-specific genes are not conserved. For instance, the system in budding yeast involves both induction and repression of target genes, whereas in fission yeast, it appears that only activation is used.
A recent study has systematically identified cell type-specific genes in budding yeast (1) . We compared the nature of the products of cell type-specific genes in both yeasts (Table 1) . Sa. Table 3 . Note that the comparisons are based on biological function and the genes are not necessarily orthologs. cerevisiae a cells specifically express genes encoding a pheromone (a-factor), a transporter required for pheromone secretion, a receptor for the pheromone of the opposite mating type, a protease that degrades ␣-factor, and a specific agglutinin. This set is highly reminiscent of the genes specifically expressed in Sc. pombe M cells. ␣ cells, on the other hand, express genes encoding ␣-factor pheromone, a receptor for a-factor and a specific agglutinin. These genes are similar to P specific genes from fission yeast. Note that although the Sc. pombe and Sa. cerevisiae cell type-specific genes encode products with similar functions, they are not necessarily orthologs.
Our results show that, despite a profound lack of conservation of the regulatory mechanism that control cell type-specific gene expression, there is a strong conservation of the target genes. Similarly, a conserved set of genes is modulated in response to a wide variety of stresses in both fission and budding yeast, although the mechanisms regulating these genes are diverged (11, 38) . These results support the view that regulatory circuits are highly plastic and may evolve faster to allow cells to adapt to changing environmental conditions and to different lifestyles (39, 40) .
Materials and Methods
Experimental Design. Time courses of h90 fus1-B20, h-, hϩ, and h90 ste11⌬ were carried out once each. Cells were grown in Edinburgh minimal medium (EMM) containing NH 4 Cl as a nitrogen source, washed with minimal medium without NH 4 Cl (EMM-N), and resuspended in EMM-N. Cells then were grown at 28°C and samples taken every hour for 5 h. For direct comparisons of h90 fus1 and h90 ste11⌬, cells were treated as described above and samples were taken after 5 h at 28°C. This experiment was carried out four times. For overexpression experiments, cells carrying a plasmid containing ste11 under the control of the nmt1 thiamine-repressible promoter (41) (pREP1-ste11) or an empty vector (pREP1) were grown in EMM containing thiamine. Cells were washed with EMM without thiamine (EMM-T), resuspended in EMM-T, and grown at 32°C for 18 h. The experiment was performed three times in P cells and three times in M cells. P factor (a gift from Paul Nurse, The Rockefeller University, New York, NY) was synthesized as described in ref. 42 . For the pheromone experiments, sxa2⌬ hcells were grown in EMM, washed with EMM-N, resuspended in EMM-N, and grown for 5 h at 28°C. The culture was split in half, and P factor (at a final concentration of 1.5 g͞ml) or a corresponding amount of ethanol was added to the cells. Samples were taken at 0, 0.5, 1, and 2 h.
Microarrays and Data Analysis. RNA preparation, labeling, microarray production, and analysis are described in ref. 43 . Microarrays were scanned with a Genepix 4000B scanner and analyzed with Genepix software (Axon Instruments, Union City, CA). Clustering and visualization was done with GeneSpring (Agilent Technologies, Palo Alto, CA). Data were hierarchically clustered by using the standard (Fig. 2) or distance (Fig. 3) correlation. We determined statistical significance by using SAM (Significance Analysis of Microarrays) (44) , with the false discovery rate adjusted to Ͻ0.1%.
Validation of Results.
We compared our list of potential Ste11p targets with published data (Table 2 and data not shown). Of 17 genes whose expression had been directly tested for Ste11p dependency, we identified 15 genes (byr2; ref. 45 ) that do not behave as a Ste11p target in our experiments, and ste11 cannot be tested with our experimental setup). We also compared our lists of cell type-specific genes with published results. We identified all eight genes previously reported to be cell typespecific (Table 3) . Mam4, which has been reported to be expressed in both mating types (31) , behaved as M specific in our experiments. 
